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Abstract 
Room temperature ferromagnetism was found in hydrogenated N-Doped amorphous carbon films (a-CNx:H) prepared by plasma 
enhanced chemical vapor deposition (CVD). The magnetization of the films changes depending on N content, deposition 
temperature and annealed temperature. Compared with that of the as-deposited sample, the magnetic moment of the annealed 
sample had a significant decrease. Among the annealed samples, the film annealed at 450ć possessed the highest magnetization. 
Higher or lower annealed temperature made the magnetization of the film decrease. Any ferromagnetic impurities didn’t be 
detected. The ferromagnetism of a-CNx:H film is intrinsic. We believe that N adatoms on the surfaces of the films have localized 
magnetic moments. 
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I. INTRODUCTION 
Ferromagnetism in carbon-based materials is controversial since only sp electrons are present in contrast to 
traditional ferromagnets based on 3d or 4f electrons. However, several independent observations have been reported 
to confirm the existence of the ferromagnetic order in impurity-free carbon materials. In 1991, Murata et al.[1] 
measured the magnetization of amorphouslike carbons (amorphous carbon has l ć alized ʌ-electrons and its bonds 
are inconsistent with any other known allotrope forms of carbon) prepared from tetraaza compounds (organic 
monomers with different amounts of carbon, hydrogen, and nitrogen) by chemical vapor deposition method. Beside 
amorphouslike carbons, ferromagnetism has been observed in other carbon-based materials such as polymerized 
fullerenes[2], carbon nanofoam[3], proton irradiated thin carbon films[4]. Recently, it has been shown in spin-polarized 
density functional the hydrogen-terminated vacancies are magnetic[5~8]. The aza-carbon showed a magnetization of 
0.45 emu/g at room temperature with 50 Oe applied field. The saturation magnetization of the prepared films 
increased as a function of the ratio between hydrogen and carbon (H/C) of the precursors, up to value of the order of 
10 emu/g (only a factor 10 smaller than the saturation magnetization in magnetite)[9].   
Incorporation of certain trivalent impurities like nitrogen, phosphorous, and boron into carbon matrix also leads 
to ferromagnetism in carbon compounds[10]. Some theoretic studies show that the nitrogen doped carbon materials 
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have ferromagnetism[11,12]. Ma et al.[13] find that the N adatom has a magnetic moment of 0.6 PB, and that 
substitutional N enhances the magnetism of C adatoms on graphite, acting as a general promoter of magnetism in 
carbon systems. Yang[14], using density functional theory, found that the C60N molecule has a large magnetic 
moment of 3.00 PB. Talapatra et al.[15] reported that nitrogen and carbon irradiation of nanosized diamond powder 
triggers magnetic order at room temperature.  
Although ferromagnetism have been calculated or detected in nitrogen and carbon materials before, there is no 
experimental research about the ferromagnetic order in hydrogenated N-Doped amorphous carbon films (D-CNx:H). 
D-CNx:H films possess outstanding properties such as high hardness, high electrical resistivity, high thermal 
conductivity, high dielectric strength, infrared transparency, and band gap[16~18]. Here we report an experimental 
observation of ferromagnetic order in D-CNx:H films by chemical vapor deposition (CVD). We have systematically 
investigated the structure, morphology and ferromagnetism of the D-CNx:H films. A theoretical mechanism is 
proposed to elucidate the ferromagnetism of the D-CNx: H films. 
 
II. EXPERIMENTAL DETAILS 
D-CNx:H have been deposited via a CVD process on p-type Si (100) wafer. The substrate was placed in the 
reactor chamber. When the substrate temperature reached the desired value (350, 500 and 600 ), CHć 4 and N2 as the 
C source and N source, respectively, were introduced into the chamber. We changed the flow ratio (R) of nitrogen 
and methane from 0 to 4. H2 (20 sccm) is also introduced. In generally, it is believed that hydrogen can increase the 
rate of gas ionization. Hydrogen, on the other hand, was assumed to have a role in the formation of the amorphous-
carbon structure[19]. The films were deposited at 150 W rf power. The deposited films were rapidly thermal annealed 
in the nitrogen atmosphere for three minutes. The annealing temperatures were 300, 450, and 600ć, respectively. 
The structure of the films was investigated using X-ray diffraction on a “X’Perd PRO”-type diffractometer. The 
magnetic properties of the films were determined by a physical property measurement system (PPMS-9). Energy 
dispersive x-ray spectrometry (EDS) was used to analyze the composition of the samples. Atomic force microscopy 
(AFM, Nanoscope IV) and magnetic force microscopy (MFM) measurements were used to investigate the 
morphology and magnetic domain structures of the sample surfaces. The bonding structure and chemical state of 
resultant films were characterized using a Nicolet 380 Fourier transform infrared spectroscopy (FTIR) at room 
temperature in the range of 400–4000 cmí1. 
 
III.   RESULTS AND DISCUSSION 
Figure 1 (a) XRD patterns of the as-deposited and annealed films (R=4, Td=500 ); (b) Hysteresis loops of the films (R=4, Tć d=500 ) with various ć
annealing temperature; (c) Hysteresis loops of the as-deposited films (Td=500 ) as a ć function of the flow ratio of methane and nitrogen. Insets: the top left 
depicts a N adatom on the carbon surface (The grey spheres and blue sphere represent C and N atoms, respectively); and the bottom right shows the signals 
before subtracting the diamagnetic background; (d) Hysteresis loops of the as-deposited films (R=4) as a function of the deposition temperature.
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The X-ray diffractograms of the as-deposited and annealed D-CNx:H deposited at 500  are depicted in Fig. 1 (a). ć
It is clear that the annealed films (at lower temperature) were essentially amorphous. Only the film annealed at 
600 ć had a peak at 43.43 o which have been indexed as E-C3N4 (201). The magnetic measurements have been 
performed with the magnetic field parallel to the film surface. From Fig. 1 (b), the magnetic moment of the annealed 
sample had a significant decrease compared with that of the as-deposited sample. Among the annealed samples, the 
film annealed at 450ć possessed the highest magnetization. Higher or lower annealing temperature made the 
magnetization of the film decrease. The results before subtracting the diamagnetic background signals are also given 
(shown in the bottom right inset in Fig. 1(b)). 
Synthesis conditions have important effects in determining their magnetic behaviours. The magnetic properties of 
the as-deposited films are investigated as a function of the flow ratio of methane and nitrogen (R), as shown in Fig. 
1(c). We can see a clear increase of the magnetic moment with R, suggesting that N impurities are responsible for 
the observed magnetic signal. Fig. 1(d) shows that the M is highly deposition temperature (Td) dependent, the 
magnetic moment of the films showed a remarkably increasing as the Td increased.  
EDS were done to check the impurities (Figure was not given here). Any magnetic impurities were not detected 
in the as-deposited and annealed films, which shows that the ferromagnetic properties of the film are intrinsic. 
It is well known that carbon is a diamagnetic material. It lacks d- and f- electrons, which are generally assumed to 
be necessary for the occurrence of ferromagnetism at relatively high temperatures. In previous studies, they believe 
that point defects in carbon graphite such as vacancies and hydrogen-terminated vacancies are magnetic[5~9]. Note 
that the saturation magnetization of the N doped samples is comparatively higher than that of the N-free samples 
(shown in Fig. 1(c)). N dopants which occupy the substitutional sp2 site in the carbon matrix were not responsible 
for the measured magnetic moment[13]. The N dopant was absorbed on the surface or interlayer of irregular carbon 
and binds to irregular carbon structures in sp3 sites, forms a bridgelike structure on the irregular carbon surface ( the 
inset in the top left of Fig. 1(c)). As a result, these two C atoms become sp3 –hybridized, the configuration resulting 
in a much stronger coupling between the orbitals of the N adatom and the carbon system, inducing the moment.  
The adsorption energy of a N adatom at graphene is 0.93 eV, while the adsorption energy of a C adatom on the 
graphene surface is 0.45 eV. [13]. Higher deposition temperature is helpful for more N atoms getting more energy to 
adsorb at the irregular carbon surface. Thus, when the Td was 600 , there was a hysteresis loops of the magnetic ć
moment, and the maximum saturation magnetization of the film was 42 emu/cm3 (Fig. 1(d)). 
The 2u2 Pm2AFM and MFM images of the D-CNx:H films (R=4, Td=500 ) are shown in Fig. 2. Annealing ć
temperature (Ta) has an obvious influence on the surface roughness. For the as-deposited film, the surface roughness 
is 4.94 nm, while for the film annealed at 300 , the surface roughness becomes 6.93 nm. The MFM images in Fig. ć
2c and Fig.2d were taken on the same place as the AFM images with a lift scan height of 50 nm, where long-range 
van der Waals forces are negligible and magnetic forces prevail. The MFM image of the as-deposited film is 
completely different from the AFM image, therefore, the detected signals surely come from the magnetic responses. 
However, there is no obvious MFM signals in the film annealed at 300 ć 
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Figure 2 2u2 Pm2AFM and MFM images of the D-CNx: H films (R=4, Td=500 ):  Fig. 2a and 2b show AFM images of the asć -deposited film 
and the film annealed at 300 ,respectively; Fig. 2c and 2d present their corresponding MFM images.ć  
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Figure 3  FTIR spectra of the films annealed at different temperature 
To investigate the effect of annealing temperature on the nitrogen bonding in the D-CNx:H films, the IR 
absorption was studied. Fig. 3 shows FTIR spectra of the films annealed at different temperature (Td=500ć). The 
peak around 1220 cmí1 can be attributed to three-dimensional structure (sp3 C–N bonds), while the peak around 
1650 cmí1 can be assigned to the stretching vibration of the sp 2 C = N bonds. The modes at 1400 and 1570 cmí1 
correspond to Raman-active D (disordered sp2 carbon) and G ( graphitelike sp2 carbon ) bands, respectively. The 
presence of the band around 3200–3500 cmí1, which can be related to N–H, and C–H bonds[24~26]. From FTIR 
spectra, we can see the intensity of the 1650 cmí1 peak decreased with Ta increasing, e.g. less sp2C=N double bond 
exist in films. The Ta dependence of the nitrogen content can be explained by the fact that nitrogen desorption 
increases exponentially with temperature, and favored a graphitization process. It is well known that graphite is a 
diamagnetic material. Therefore, the magnetic moment of the films had a significant decrease. 
At lower Ta (300ć), the volatile species and surface adatoms are easily dissociated without obvious bulk 
modification, causing small amounts of sp3 C–N adatom bonds fracture, and reducing films ferromagnetism; 
Annealing the sample at 450ć is the most appropriate for getting maximum magnetization. Although a quantity of 
N was loss from interior structure of films, the remainder of N should have contributed to the films magnetization to 
some extents. Substitutional N atoms in C lattices have not magnetic moment. Two of the four valence electrons of 
the C adatom participate in the covalent bonds with the N atoms in the substrate. One electron goes to the dangling 
sp2 bond, and the other is shared between the dangling sp2 bond and the p orbital perpendicular to the bridge 
plane[27]. The dangling sp2 orbital is much more prone to form bands with the surface ʌ orbitals than the 
perpendicular p orbital. The more electrons can be supplied by the substrate to form bands with the dangling sp2 
orbital, the less electrons will be needed from the p orbitals, and thus more electrons of the p orbital will be spin-
polarized. A substitutional N atom near the C adatom can supply more electrons to form bands with the dangling sp2 
orbitals. This explains the enhancement of the spin-polarization of the C adatom by substitutional N. 
While at higher Ta (600 ć), the microstructure of carbon nitride films changed and favored a graphitization process. 
Because the migration barrier of N is 1.1 eV with the migration path being nearly a straight line connecting the 
original and final equilibrium positions of the adatom. This relatively low migration energy means the N adatom 
should be highly mobile at high temperatures used for C-N (The jump frequency of the N adatom is close to the 
jump frequency of a C interstitial in graphite[28]). N adatoms on graphene surface may coalesce to form N2 molecules, 
and the activation energy for this reaction is 0.80 eV. Higher Ta (600 ć) could provide enough energy to form N2 
molecules. As a result, the magnetization had been greatly reduced. 
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Figure 4   ZFC and FC M-T curves, and the inset is the 5K and 300 K M-H loops. 
Results of the ZFC and FC magnetization measurements for the film (R=4, Td=500ć and Ta=450ć) are shown 
in Fig. 4. The difference between field cooled (FC) and zero-field cooled (ZFC) curves decreases with temperature, 
resembling partially the temperature dependence of the small hysteresis[29]. At higher temperatures, the ZFC and FC 
curves approach each other, but are still not superimposed near room temperature, this indicating that the Curie 
temperature exceeds room temperature. The ZFC magnetization measurements show a peak indicative of a 
characteristic blocking temperature for a superparamagnetic fraction. The inset shows the 5 and 300 K M-H loops of 
the film (R=4, Td=500ćand Ta=450 ć) after the subtraction of the magnetic signals from substrates. Clear 
hysteresis loops were observed at 5 and 300 K. The coercivity fields at 300 and 5 K are 52 and 106 Oe, respectively. 
 
III. CONCLUSIONS 
Ferromagnetic signals have been observed in a-CNx: H films. The magnetization of the films changes depending on 
the R, Td and Ta. The magnetization of the films increased with the increase in R and Td, and decreased with the 
increase in Ta. Among the annealed samples, the film annealed at 450ć possessed the highest magnetization. 
Higher or lower annealed temperature made the magnetization of the film decrease. The observed ferromagnetism 
has been attributed to spin-polarization of N adatoms, most of which comes from the p orbital of the N adatoms. It 
can give rise to local spins and facilitate the development of the long-range magnetic order. The Curie temperature 
of the film exceeds room temperature. 
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